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Stratum corneum comprises corneocytes, derived
from outer stratum granulosum during terminal dif-
ferentiation, embedded in a lipid-enriched extracel-
lular matrix, secreted from epidermal lamellar bod-
ies. Permeability barrier insults stimulate rapid secretion
of preformed lamellar bodies from the outer stratum
granulosum, regulated through modulations in ionic
gradients and serine protease (SP)/protease-activated
receptor type 2 (PAR2) signaling. Because corneo-
cytes are also required for barrier function, we hy-
pothesized that corneocyte formation could also be
regulated by barrier function. Barrier abrogation by
two unrelated methods initiated a wave of cornifica-
tion, assessed as TdT-mediated dUTP nick end-label-
ing-positive cells in stratum granulosum and newly
cornified cells by electron microscopy. Because cor-
nification was blocked by occlusion, corneocytes
formed specifically in response to barrier, rather
than injury or cell replacement, requirements. SP in-
hibitors and hyperacidification (which decreases SP
activity) blocked cornification after barrier disrup-
tion. Similarly, cornification was delayed in PAR2™/~
mice. Although classical markers of apoptosis [poly-
(ADP-ribose)polymerase and caspase (Casp)-3] remained
unchanged, barrier disruption activated Casp-14.

86

Moreover, the pan-Casp inhibitor Z-VAD-FMK delayed
cornification, and corneocytes were structurally ab-
errant in Casp14~/~ mice. Thus, permeability barrier
requirements coordinately drive both the generation
of the stratum corneum lipid-enriched extracellular
matrix and the transformation of granular cells into
corneocytes, in an SP- and Casp-14-dependent man-
ner, signaled by PAR2. (Am J Pathol 2008, 172:86-97:
DOI: 10.2353/ajpath.2008.070161)

Formation of the stratum corneum (SC) permeability bar-
rier in terrestrial mammals requires two parallel pro-
cesses, corneocyte formation and deposition of a highly
hydrophobic extracellular matrix. During the final stages
of epidermal differentiation, outer stratum granulosum
(granular) cells transform into anucleate corneocytes,
with highly resilient cornified envelopes.®? Immediately
before cornification, large quantities of polar lipids are
secreted from epidermal lamellar bodies into the extra-
cellular spaces of the SC.®° These lipids are then catab-
olized into a nonpolar mixture of ceramides, cholesterol,
and free fatty acids,®~® which then organize into a struc-
turally unique system of parallel, lamellar membrane ar-
rays, which pack the SC interstices.® Many studies have
demonstrated the importance of this membrane system
for permeability barrier homeostasis, and much is known
about the regulation of epidermal lipid synthesis and
secretion in response to alterations in permeability barrier
status.® The initial response to acute barrier disruption,
independent of method of abrogation, is the rapid (by 30
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minutes) secretion of the contents of up to 70% of pre-
formed lamellar bodies, from the outermost layer of gran-
ular cells,*® after which a variety of synthetic responses
up-regulate in the underlying epidermis, which return
toward basal levels in parallel with restoration of perme-
ability barrier homeostasis.®

Two signaling mechanisms are known to regulate the
lamellar body secretory response in the epidermis under-
lying disrupted skin sites: an abrupt decline in epidermal
calcium levels stimulates secretion of preformed lamellar
bodies from the outer granular layer;'°~'* and acute bar-
rier disruption also raises the ambient pH of normal SC
transiently from its usual acidic levels (~5.0) toward neu-
trality, which, in turn, activates serine proteases (SPs) in
the outer epidermis, a sequence that retards barrier re-
covery kinetics.’®' Conversely, either immediate re-
acidification of SC,'® or applications of SP inhibitors ac-
celerates barrier recovery.'®'° The increase in SP activity
that results from either barrier disruption or a discrete
increase in the pH of SC, in turn, activates the protease-
activated receptor type 2 (PAR2), which is expressed on
the plasma membranes of cells of the stratum granulo-
sum.'®2° Accordingly, PAR2 agonist peptides down-reg-
ulate lamellar body secretion, thus delaying permeability
barrier recovery; and conversely, absence of PAR2 in
transgenic PAR2™/~ mice accelerates lamellar body se-
cretion and permeability barrier recovery kinetics.'®
Thus, SP-PAR2 down-regulation of lamellar body secre-
tion represents a second potentially important regulatory
mechanism of permeability barrier homeostasis.

Terminal differentiation results in both the abrupt cessa-
tion of epidermal synthetic activity and the blockade of
further lamellar body secretion. However, how this terminal
differentiation, also termed “physiological apoptosis” or
“planned cell death,” is regulated is not known. The asso-
ciation of cornification with expression of caspase 14
(Casp-14), an epidermis-predominant, cysteine protease,?’
suggests that this protease could be important for terminal
differentiation, but its specific role remains undefined. Al-
though cells transitioning from the outer stratum granulosum
into corneocytes are only rarely encountered under basal
conditions, we hypothesized that acute abrogation of the
permeability barrier, which stimulates immediate secretion
of the contents of preformed lamellar bodies,** could co-
ordinately stimulate a wave of new cornification, specifically
in response to modulations in permeability status. More-
over, because the SP-mediated activation of PAR2 down-
regulates lamellar body secretion, SP-PAR2 signaling could
represent a mechanism that regulates the final transforma-
tion of outer stratum granulosum cells into corneocytes,
allowing coordinate formation of corneocytes and the extra-
cellular matrix of the SC.

Materials and Methods

Materials

Adult male and female hairless mice (Skh1), 8 to 10
weeks of age, were purchased from Charles River Lab-
oratories (Wilmington, MA). Casp14™~/~ and wild-type
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mice were generated in the laboratory of Dr. Wim De
Clercq (Ghent, Belgium), as described.?? PAR2™/~ and
wild-type mice were from Dr. Shaun R. Coughlin (Univer-
sity of California—San Francisco, San Francisco, CA). All
animals had free access to food and water ad libitum. An
affinity-purified, rabbit primary antibody, specific for the
active form of Casp-3, was purchased from Sigma-Aldrich
(St. Louis, MO). Secondary, fluorescein isothiocyanate-
conjugated, goat anti-rabbit IgG was from Invitrogen-
Molecular Probes (Carlsbad, CA). The Fluorescein-FragEL
apoptosis detection kit and the general Casp inhibitor
Z-VAD-FMK were purchased from EMD Biosciences (San
Diego, CA). Lactobionic acid (LBA) and the SP inhibitors
aprotinin, trans-4-(aminomethyl)cyclohexane carboxylic
acid (t-AMCHA), and phenylmethyl sulfonyl fluoride
(PMSF) were from Sigma-Aldrich. The Casp-3 antibody
was purchased from Biosource (Camarillo, CA), the
Casp-14 antibody was from Tebu-Bio (Boechout, Bel-
gium), and the poly(ADP-ribose)polymerase (PARP) an-
tibody was from Abcam (Cambridge, UK).

Animal Model and Tissue Preparation

Epidermal barrier disruption was achieved by two sepa-
rate methods using either acetone or repeated applica-
tions of cellophane tape on the flanks until transepidermal
water loss reached 1 = 0.25 mg/cm?/hour, 2 to 4 mg/
cm?/hour, or =6 mg/cm?/hour, as determined with an
electrolytic water analyzer (Meeco, Warrington, PA). Im-
mediately after barrier disruption, animals (n = 4 to 5 in
each group) were treated with 30 ul of t-tAMCHA (5%),
PMSF (10 mmol/L), aprotinin (2 mg/ml), or LBA (10%)
dissolved in propylene glycol:ethanol (7:3 ratio) or vehi-
cle alone. The Casp inhibitor (Z-VAD-FMK, 2 mmol/L) was
applied 1 hour before, as well as after, acute barrier
disruption. Baseline control groups consisted of non-
treated animals (n = 4 to 5). Harvesting of tissue samples
was performed at 30 minutes, 1, 3, 6, 8, 18, and 24 hours
after the treatment.

Microscopy and Imaging

Skin samples were fixed in 4% formalin, and 6-um-thick
paraffin-stained sections were examined under an Axio-
plan 2 light microscope (Zeiss, Jena, Germany) at X20
magnification. Quantitation of TdT-mediated dUTP nick
end-labeling-positive (TUNEL+) cells was performed on
three to five pictures of each coded sample, taken at X20
magnification. The total length of epidermis was mea-
sured on each picture using the planimeter PlanWheel
PC (Scalex Corp., Carlsbad, CA). The ratio of TUNEL+
cells over the total length was then obtained and ex-
pressed as TUNEL+ cells per unit length. Using Photo-
shop software (Adobe Systems, Inc., San Jose, CA),
nucleated cell layer thickness was obtained by measur-
ing the distance between the basal membrane and the
stratum granulosum/SC junction at 5 to 10 randomized
points, on three to five fields of each coded sample. For
each experiment, n represents the number of animals in
each group. Experiments were repeated at least three
times to confirm results.
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Immunofluorescence

For Casp-3 immunostaining, frozen sections were fixed
for 10 minutes at —20°C in 100% acetone. After incuba-
tion in blocking solution [4% bovine serum albumin, 0.5%
cold water fish gelatin in phosphate-buffered saline
(PBS)], sections were incubated with active Casp-3 pri-
mary antibody. After application of secondary fluorescein
isothiocyanate-conjugated antibody, counterstaining of
nuclei with propidium iodide was performed.

Casp-14 immunofluorescence was achieved on paraf-
fin-embedded tissue. After deparaffinization 5-um tissue
sections were incubated first for 30 minutes in blocking
solution, then overnight at 4°C with a 1:3000 dilution of
Casp-14 primary antibody. Sections were then incubated
with the Alexa Fluor 488-conjugated goat anti-rabbit sec-
ondary antibody counterstained with propidium iodide.
Visualization of Casp-3- and Casp-14-stained sections
was performed at 480- and 588-nm wavelengths using a
Leica TCS-SP confocal microscope (Leica, Wetzlar,
Germany).

Detection of Apoptosis by TUNEL Assay

The Fluorescein-FragEL apoptosis detection kit and pro-
tocol were used for the detection of apoptotic cells in
paraffin-embedded skin samples. After deparaffinization,
tissue was incubated for 10 minutes with 2 mg/ml of
proteinase K in 10 mmol/L Tris, pH 8 solution. After equil-
ibration the buffer was applied to the samples for 30
minutes, labeling with TdT enzyme followed for 90 min-
utes at 37°C. Labeled nuclei were visualized using a
standard fluorescein filter (465 to 495 nm).

Isolation of Cytoplasmic Fraction from
Epidermal Keratinocytes

After skin excision and removal of subcutaneous fat
with scalpel blades, samples were floated on 10
mmol/L dithiothreitol solution in PBS for 1.5 hours at
37°C. Subcellular cytoplasmic fractions were isolated
using ReadyPrep protein extraction kits (Cytoplasm;
Bio-Rad, Nazareth Eke, Belgium) according to the
manufacturers’ protocol.

Western Immunoblotting

After protein isolation (see above), the protein content of
whole, basal, and suprabasal epidermal extracts was
determined using the Bio-Rad protein assay. Equal
amounts of protein from each experimental group were
loaded onto 12% sodium dodecyl! sulfate-polyacrylamide
gels (Novex gels; Invitrogen, Mereleke, Belgium). After
electrophoresis in slab gels, proteins were transferred
onto nitrocellulose membranes and immunoblotted to de-
tect Casp-14 (1/1000), using the WesternBreeze chemi-
luminescence kit (Invitrogen).

Electron Microscopy

Samples were processed for electron microscopy using
modified Karnovsky’s fixative and postfixed with either
0.5% ruthenium tetroxide or 2% reduced osmium tetrox-
ide, as described previously.?® All samples were dehy-
drated in a graded ethanol series followed by propylene
oxide and embedded in an Epon-epoxy mixture. As cy-
tochemical indicator of the extent of lamellar body secre-
tion, we performed ultrastructural cytochemistry for acid
lipase, a lipid hydrolase concentrated in lamellar bod-
ies.?* As described previously,?® aldehyde-prefixed sam-
ples were microwave-incubated with substrate contain-
ing 5% Tween 85 (+/— inhibitor: tetrahydrolipstatin, 200
umol/L) followed by standard lead-capture cytochemical
method that depicts the localization of acid lipase. Sam-
ples for ultrastructural cytochemistry were postfixed in
reduced osmium and processed as above. Ultrathin sec-
tions were viewed in a Zeiss 10 C electron microscope,
operated at 60 kV, after further contrasting with lead
citrate and uranyl acetate. Images were captured using
the DigitalMicrograph 3.10.0 software from Gatan, Inc.
(Pleasanton, CA).

Statistics

All data are given as mean *= SEM. Statistical analyses
were determined using the Student’s t-test in GraphPad
Prism 3 software for Macintosh (version 3.0a, Sept. 2000;
GraphPad Software, Inc., San Diego, CA).

Results

Tape Stripping Rapidly Stimulates a Wave
of Cornification

To address the hypothesis that permeability barrier func-
tion regulates not only production of mortar lipids, but
also the transformation of outer granular cells into cor-
neocyte bricks, we first abrogated the barrier by tape
stripping hairless mouse skin [transepidermal water loss
(TEWL) levels =6 ug/cm?/hour] and then assessed the
appearance of TUNEL+ cells in the outermost granular
layer, identifying by this method cells that are potentially
metamorphosing into corneocytes. Whereas few TUNEL+
cells were identified before tape stripping (Figure 1A1),
between 60 minutes and 6 hours after tape stripping, an
increased number of TUNEL+ cells appeared in the
outer stratum granulosum (Figure 1A2), decreasing to
pretreatment levels by 18 hours (Figure 1A3). Quantita-
tive data showed a highly significant, four- to fivefold
increase in TUNEL+ outer stratum granulosum cells 1, 3,
and 6 hours after tape stripping (Figure 1B). To ascertain
whether TUNEL+ cells appear even sooner after acute
barrier disruption, we next examined epidermis 30 min-
utes after tape stripping. Even at this early time point, the
density of TUNEL+ cells increased by threefold (Figure
1B, P < 0.05).

We next determined both the threshold for tape strip-
ping induction of cornification and whether there is a
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dose-response relationship between the extent of barrier
disruption and increased cornification. As seen in Figure
1C, 3 hours after tape stripping, the number of TUNEL+
cells appeared to increase linearly in relation to the extent of
barrier disruption, assessed as changes in TEWL rates.
Although low levels of disruption (TEWL increased to ~1
mg/cm?/hour, normal <0.2 mg/cm?/hour) appeared to in-
crease TUNEL positivity, only at TEWL levels of 2 to 4
mg/cm?/hour does the increased density of TUNEL+ cells
became statistically significant. Yet, at this level of disrup-
tion, the density of TUNEL+ cells was still significantly lower
than the number of TUNEL+ cells in the outer granular layer
when TEWL levels reach or exceed 6 mg/cm?/hour. To-
gether, these results show that barrier disruption by re-
peated tape stripping stimulates the appearance of a wave
of TUNEL+ cells in the outer stratum granulosum, in both a
time- and a dose-dependent manner.
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Figure 2. Acute barrier disruption transiently reduces thickness of epidermal
nucleated layers. H&E-stained paraffin sections show a decrease in the
thickness of the nucleated layers of the epidermis, ie, distance between the basal
membrane and the stratum granulosum/SC junction, with a concurrent in-
crease in SC thickness that is readily apparent by 3 hours after barrier
disruption in comparison to baseline (A3 versus Al, brackets), whereas
these changes are not yet observed at 1 hour (A2). Black arrows (A1 and
A2) indicate stratum granulosum cells that cannot be seen at 3 hours after TS
as they transform into corneocytes (arrowheads). Percentage changes from
baseline show a statistically significant decrease (40%) in the thickness of the
nucleated layers at 3 hours (B, P < 0.02; baseline = 122.67 * 9.37 mm on
X 20 micrographs) (1 = 3). Thickness was measured on 10 different points of
three randomized micrographs of each coded section from three animals in
each group. Scale bars = 10 um.
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18h post-TS Figure 1.Tape stripping-induced barrier dis-
ruption increases TUNEL+ cells in the outer
stratum granulosum. Although TUNEL+ cells
(white arrows) are barely present at baseline
(A1), the number of TUNEL+ cells markedly
increases after barrier disruption by cellophane
tape at 1 hour (A2), 3 hours and 6 hours (not
shown), and return to normal by 18 hours (A3).
B: Quantification of TUNEL+ cells is shown as
percent from baseline at various time points
after barrier disruption (7 = 5; baseline =
0.27 * 0.12 cells per unit length). B: TUNEL+
cells appear as early as 30 minutes after tape
stripping. C: Dose-response relationship be-
tween the degree of barrier disruption, mea-
sured as changes in TEWL (mg/cm?/hour), and
the number of TUNEL+ cells (77 = 4), 3 hours
after tape stripping (baseline = 0.18 % 0.05 cells
per unit length; 1 unit length = 5 um). Scale
bars = 10 um.
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To ascertain whether the TUNEL+ cells reflect cells that
have transitioned from outer stratum granulosum cells into
corneocytes, we next assessed changes in the thickness of
the epidermal nucleated layers immediately before, 1 hour,
and 3 hours after tape stripping in hematoxylin and eosin-
stained sections. Although the thickness of the stratum
granulosum appeared unchanged 1 hour after barrier dis-
ruption, thinning of the nucleated layers of the epidermis
(~40% below the pretreatment thickness), with partial res-
toration of SC, became apparent by 3 hours (Figure 2).
These results show that loss of outer stratum granulosum
cells correlates with a wave of new cornification and that
transient epidermal thinning is accompanied by the rapid
reappearance of full-thickness SC.

We next examined electron micrographs of skin biop-
sies obtained before, 30 minutes, 1 hour, and 3 hours
after tape stripping (TEWL levels =6 mg/cm?/hour). Al-
though tape stripping under these conditions removed
most of the SC, cytotoxicity was not evident (Figures 2A
and 3B). Although pretreated epidermis rarely revealed
outer stratum granulosum cells metamorphosing into cor-
neocytes (ie, cells with cornified envelopes that encap-
sulate cytosol with nuclear and/or organelle remnants
=1% of stratum granulosum cells at baseline), such tran-
sitional cells became evident by 30 minutes after tape
stripping and were even more commonly encountered 3
hours after tape stripping, accounting for more than 50%
of cells in the outer stratum granulosum (Figure 3, B and
C, versus A: pretreatment normal with no transitional
cells). Moreover, the proportion of granular cells meta-
morphosing into corneocytes appeared to correlate with
the density of TUNEL+ cells in parallel samples from the
same animals (Figure 1A2). Together, these results show
that tape stripping rapidly induces a wave of cornifica-
tion, characterized by the transformation of numerous
outer stratum granulosum cells into nascent corneocytes.

TUNEL+ Cells Cornify, but Not by
Classical Apoptosis

The appearance of a wave of TUNEL+ cells suggests
that outer stratum granulosum cells undergo apoptosis in
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A

Figure 3. Barrier disruption stimulates transformation of outer stratum
granulosum cells into corneocytes. A: Electron micrographs of osmium tet-
roxide-postfixed samples show no transitioning cells under basal conditions
(untreated skin) (black arrows show lamellar bodies, white arrows indi-
cate normal lamellar body secretion). However, transitional cells (ie, cells in
the process of transitioning into corneocytes) are present in large amounts 3
hours after TS. These cells display cornified envelopes (B and C, white
arrows) and encapsulate cytosol replete with nuclear and other organelle
remnants (B and C, black arrows). Scale bars = 500 nm.

response to tape stripping. Therefore, we next evaluated
whether this sequence involves classical apoptosis by as-
sessing changes in both epidermal Casp-3 and PARP ex-
pression levels. Whereas oxidative stress, such as UV-B,
increases Casp-3 expression,?® neither the extent nor the
localization of epidermal immunostaining of the active form
of Casp-3 protein appeared to change after tape stripping
(supplemental Figure 1, see http.//ajp. amjpathol.org). In ad-
dition, despite strong TUNEL positivity in the outer stratum
granulosum at this time point (Figure 1B), neither the active
form of Casp-3 nor cleaved PARP content appeared to
change by Western immunoblotting 3 hours after tape strip-
ping (TEWL =6 mg/cm?/hour) (Figure 4B). In contrast, epi-
dermal protein expression of Casp-14, an epidermis-pre-
dominant Casp that is linked to cornification,?” 3 increased
3 hours after tape stripping, as assessed by immunofluo-
rescence (Figure 4A). Likewise, epidermal protein levels of
the active form (ie, the 10-kDa subunit) of Casp-14 in-
creased by 30 minutes after tape stripping and remained
elevated for at least 24 hours (Figure 4B). These findings

again contrast sharply with effects of oxidative stressors,
such as UV-B, which do not induce Casp-14 activation.?®
Together, these results show that the wave of cornification
that occurs after tape stripping does not occur through
induction of classical apoptosis, but rather that it represents
a specific form of physiological apoptosis associated with
Casp-14 activation.

Corneocyte Formation Is Regulated by
Permeability Barrier Function

Although the above results show that a wave of cornifi-
cation occurs after tape stripping, they leave unanswered
its physiological role. For example, does this response
represent either cell replacement or an injury response?
Or alternatively, does it represent a specific response
aimed at normalizing permeability barrier homeostasis?
To address this issue, we first assessed whether acute
permeability barrier disruption by an unrelated method
(solvent treatment), which removes few, if any, corneo-
cytes, also stimulates cornification. Acetone treatment
(TEWL =6 mg/cm?hour) again stimulated a large in-
crease in the density of TUNEL+ cells in the outer gran-
ular layer (Figure 5, B1 and B2) that was at least compa-
rable to the increase that follows tape stripping (Figure 1,
A and B). As reported in numerous prior publications,*
cytotoxicity was not evident in acetone-treated animals.
As with tape stripping, the maximum increase in TUNEL+
cells appeared by 1 hour, remaining significantly ele-
vated at 3 hours (Figure 5D). Finally, acetone treatment
stimulated the appearance of transitional cells, identified
by cornified envelopes surrounding residual cytosolic or-
ganelles on electron microscopy, as early as 30 minutes,
with a further increase in transitional cells between 1 and
3 hours (Figure 6A). Thus, two unrelated methods of
acute permeability barrier disruption, tape stripping and
solvent treatment, produce a comparable increase in the
density of TUNEL+ cells in the outer stratum granulosum.

To ascertain further the potential link between changes
in permeability barrier status and cornification, we next
assessed whether artificial permeability barrier restora-
tion, immediately after acute barrier disruption, blocks the
expected wave of new cornification. Acute disruption by
tape stripping (=6 mg/cm?/hour) again produced a
marked increase in the number of TUNEL+ cells in the
outer stratum granulosum at 3 hours (Figure 5A; quanti-
tative data are in Figure 5C). Yet, placement of a vapor-
impermeable, Latex wrap on newly stripped sites blocked
the expected increase in TUNEL+ cells, restoring their
density to near-normal levels (Figure 5). Likewise, occlu-
sion primarily blocked the acetone-induced increase in
TUNEL+ cells in the outer granular layer at 1 hour, while
completely reversing the expected acetone-induced in-
crease at 3 hours (Figure 5, B and D), as well as prevent-
ing the formation of transitional cornified cells (supple-
mental Figure 2, see http.//ajp.amjpathol.org). Finally,
occlusion also blocked Casp-14 activation (Fig. 4C). To-
gether, these results are fully consistent with the hypoth-
esis that modulations in permeability barrier function reg-
ulate the kinetics of terminal differentiation.



Control Baseline

Caspase 14
28 kDa

10 kDa & G . .

Caspase 3
active form

- - - -

Cleaved PARP
- b ——t—

Barrier Function Regulates Cornification 91
AJP January 2008, Vol. 172, No. 1

Acetone- 3h

Caspase 14

30kDa " .m

20kDa M

B-actin
50 kDa -
40 kDa .

Figure 4. TUNEL positivity in outer stratum granulosum stimulates Casp-14 activation, but classic markers of apoptosis remain unchanged. A: Casp-14
immunofluorescence shows increased levels of the protein 3 hours after tape stripping and acetone treatment as compared to baseline (green staining, Casp-14;
red staining, nuclei). B: Western immunoblotting shows no changes in the active form of Casp-3 (17 kDA) or cleaved PARP (89 kDa) levels after barrier disruption
by tape stripping (TS). Although Casp-14 proenzyme (28 kDa) levels also remain unchanged after barrier disruption, levels of the small subunit (10 kDa) of the
active enzyme increase as soon as 30 minutes after TS, and remain elevated at 3, 8, and 24 hours when compared to baseline. C: This increase in the active form
of Casp-14 after tape stripping (TS) is blocked by topical application of the pan Casp inhibitor Z-VAD-FMK(TS + inh) or occlusion (TS + Occ) immediately after

tape stripping as shown by Western immunoblotting. Scale bars = 20 uwm.

Accelerated Cornification Blocks Further
Secretion of Lamellar Bodies

Formation of the permeability barrier under basal condi-
tions requires not only the gradual transformation of outer
granular cells into corneocytes but also continuous, low
rates of lamellar body secretion from the outer stratum
granulosum. Acute permeability barrier disruption ampli-
fies lamellar body secretion so that 50 to 70% of the
preformed pool of these organelles is secreted from the
outer granular cells between 0 to 30 minutes.*® We next
asked whether the barrier disruption-induced wave of
cornification, which begins by 30 minutes after acute
barrier disruption, impedes further secretion of lamellar
body contents from the outer stratum granulosum. In
standard electron microscopy images, remnants of or-
ganelles, including keratohyalin granules and lamellar
bodies, surrounded by nascent cornified envelopes,
again identified cells that were transitioning into corneo-
cytes (Figure 3, B and C; Figure 6A). Using acid lipase as
an ultrastructural marker for lamellar body contents and
secretion,*3" abundant enzyme activity became en-
tombed within the cytosol of transitional cells as early as
30 minutes after either tape stripping or acetone treat-
ment (3-hour results shown in Figure 6C; untreated con-
trols show no lipase activity trapped within corneo-
cytes®”?8). Thus, the 30-minute delay in cornification
allows an initial burst of lamellar body secretion, which is
terminated by the subsequent wave of cornification.

Cornification Requires Casp-14

Casp-14 is linked to epidermal terminal differentia-
tion,?”3? and although its putative role still remains un-
clear, the corneocyte filament-aggregating protein pro-
filaggrin recently has been shown to be a physiological
substrate.?® Because Casp-14 was activated in parallel
with accelerated cornification after tape stripping (Figure
4), we next asked whether Casp-14 activity is required for
this response. To address this issue, we first assessed
changes in TUNEL+ cell number after application of the
global Casp inhibitor Z-VAD-FMK to tape stripped skin. In
parallel, we assessed cornification in Casp14~/~ versus
wild-type mice. Although tape stripping and acetone
treatment again stimulated a two- to sixfold increase in
the density of TUNEL+ cells, the expected increase in
TUNEL positivity was entirely abrogated by topical appli-
cations of the pan-Casp inhibitor Z-VAD-FMK immedi-
ately after acute barrier disruption (Figure 7, A and B).
Moreover, levels of the active form of Casp-14, as as-
sessed by Western immunoblotting, declined after a sin-
gle topical application of Z-VAD-FMK, applied immedi-
ately after tape stripping (Figure 4C).

To address further whether Casp-14 is required for ter-
minal differentiation, we next assessed cornification in
Casp14~/~ versus wild-type murine epidermis under basal
conditions and 3 hours after tape stripping. After tape strip-
ping, the epidermis of wild-type mice revealed transitional
cells with normal cornified envelopes, as described for nor-
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Figure 5. Occlusion blocks both TS and acetone-induced stimulation of
TUNEL+ cells. Increase in the number of TUNEL+ cells (white arrows) is
shown after two unrelated methods of barrier disruption, ie, TS (A1 and A2)
and acetone treatment (B1 and B2). Immediately after barrier disruption by
either method, occlusion with a vapor-impermeable Latex wrap blocks the
expected increase in TUNEL+ cells [occlusion after TS: A3 and C (1 = 5,
baseline = 0.27 % 0.12 cells per unit length); occlusion after acetone: B3 and
D (n = 3, baseline = 0.30 = 0.13 cells per unit length)] (1 unit length = 5
um). Scale bars = 10 mm.

mal hairless mice above (Figure 3, B and C; and Figure 8A,
black arrowheads). In contrast, cornified envelopes either
failed to form or appeared highly attenuated in transitional
cells in Casp14™/~ epidermis (Figure 8B, white arrow-
heads). Moreover, the defect in cornified envelope forma-
tion extended several SC layers above the stratum granu-
losum-SC junction. The inhibitor studies, in conjunction with
the results in Casp14 '~ mice, demonstrate that Casp-14 is
not only a marker but also an effector of epidermal terminal
differentiation, where it appears to be required for cornified
envelope formation.

pH-Dependent Activation of Serine Proteases
(SP) Accelerates Cornification by
Activating PAR2

Acute barrier disruption leads to an increase in pH, which
in turn, increases SP activity in the SC."®'® This increase
in SP activity activates PAR2 on the membranes of stra-
tum granulosum cells, leading to blockade of lamellar
body secretion, whereas in contrast, SP inhibitors accel-
erate lamellar body secretion by inhibiting activation of

Figure 6. Barrier disruption rapidly entombs unsecreted lamellar bodies in
nascent corneocytes. Ultrastructural studies of epidermis 30 minutes after
acetone-induced barrier abrogation shows a wave of outer stratum granulo-
sum cells transitioning into corneocytes with complete cornified envelopes
(A, arrows) and entombed organelles (see Figure 3). Lipase cytochemical
staining, a marker of lamellar body contents and secretion, shows entombed
lamellar bodies in nascent corneocytes 3 hours after acetone treatment (C,
arrowheads), whereas at baseline, all lamellar body contents have been
secreted, with lipase staining only seen in the extracellular spaces (B,
arrowheads). Scale bars = 500 nm.

PAR2."® To assess whether SP-PAR2 signaling also reg-
ulates cornification, we first applied three different types
of SP inhibitors (aprotinin, PMSF, or the highly-specific
plasminogen activator inhibitor t-AMCHA) immediately
after acute barrier disruption by tape stripping. Although
the tape stripping-induced increase in the density of
TUNEL+ cells was abrogated entirely by applications of
t-AMCHA (Figure 9, A and B; P < 0.01), aprotinin only
partially blocked this increase (results do not achieve
statistical significance), and PMSF, although previously
shown to accelerate lamellar body secretion and perme-
ability barrier recovery,'®'° also did not inhibit the devel-
opment of TUNEL positivity after tape stripping (Figure
9C; data for PMSF not shown). These results suggest that
the tape-stripping-induced wave of cornification is sig-
naled, at least in part, by the plasminogen activator sub-
family of SP.
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Figure 7. Topical pan-Casp inhibitor blocks appearance of TUNEL+ cells
after barrier disruption. The pan-Casp inhibitor, Z-VAD-FMK, applied imme-
diately before and after acute barrier disruption, inhibits the increase in
TUNEL+ cells seen 3 hours after TS (A, baseline = 0.22 * 0.16 cells per unit
length) (72 = 8). Similar results were observed using an alternate method of
barrier disruption by acetone treatment (B, baseline = 0.22 %= 0.03 cells per
unit length) (7 = 4) (1 unit length = 5 wm). Variations in epidermal thickness
were observed among different groups of animals.

Because acute barrier disruption increases the pH of SC,
which in turn, activates SP,'® we next assessed whether
reversal of the increased pH that both follows barrier dis-
ruption and is responsible for the increase in SP activity '
would also block the expected increase in TUNEL positivity.
For these studies, we applied the nontoxic, polyhydroxy-
lacid LBA immediately after tape stripping, to rapidly restore
an acidic pH to the SC. Tape stripping increased both
surface pH and epidermal SP activity, as described previ-
ously, "' and it again increased the density of TUNEL+
cells at 3 hours (Figure 9D). However, the increase in
TUNEL+ was primarily blocked when SC pH was rapidly
reacidified to normal (pretreatment) levels with topical LBA
(Figure 9D). These results show that pH-induced changes
in SP activity signal the wave of cornification that occurs
after barrier disruption.

Because SPs signal downstream metabolic responses
via the PAR2 receptor, we next assessed whether corni-
fication proceeds normally in PAR2™/~ versus wild-type
mice after tape stripping. In wild-type mice, barrier dis-
ruption induced the expected increase in TUNEL+ cells
in the stratum granulosum, but a significant increase did
not occur in PAR2™/~ epidermis after tape stripping (Fig-
ure 9E). Together, these results demonstrate the role of
SPs, via activation of PAR2, in signaling new cornification.

Discussion

In this study, we assessed whether permeability barrier
function regulates not only epidermal lipid synthesis/se-
cretion but also the terminal differentiation of outer gran-
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Figure 8. Aberrant cornification in Casp-14-deficient epidermis. After acute
barrier disruption (3 hours), transitional cells appear with a complete corni-
fied envelope in wild-type epidermis (A, black arrowheads), whereas
Caspl4~/~ corneocytes display primarily an absence of cornified envelopes
(B, white arrowheads), with scattered images of attenuated envelope (B,
arrows). Abnormal cornified envelopes persist high into the SC of
Caspl4~/~ mice (not shown). Scale bars = 500 nm.

ular cells into corneocytes. Previous studies have fo-
cused solely on events in the extracellular matrix. At the
earliest phase (0 to 30 minutes) after acute permeability
barrier perturbation, these studies showed that cells of
the outer stratum granulosum secrete the majority, but
not all, of their preformed lamellar bodies into the extra-
cellular spaces at the stratum granulosum-SC inter-
face.*® This initial burst is followed by a marked increase
in lipid synthesis and ongoing amplified secretion of nas-
cent lamellar bodies (1 to 6 hours), resulting in rapid
restoration of permeability barrier homeostasis as lamel-
lar membranes are redeposited throughout the SC extra-
cellular spaces.® Accordingly, inhibition of either lamellar
body secretion®® or of key enzymes of cholesterol or fatty
acid synthesis delays permeability barrier recovery.343°
Moreover, genetic and pharmacologically induced defi-
ciencies in lipid hydrolases that metabolize extracellular,
secreted lipids into their nonpolar products® =22 result in
impaired barrier in parallel with delayed maturation of
extracellular lamellar bilayers®3°~41 and are up-regu-
lated after barrier perturbations.®" 42

Yet, in addition to the extracellular matrix, corneocytes
also are required for permeability barrier homeostasis
both through their spacer function that forces water mol-
ecules to transverse a torturous, elongated pathway*®
and by providing a scaffold necessary for the supramo-
lecular organization of the lipid matrix into lamellar mem-
brane arrays.***5 This critical role for corneocytes is
demonstrated most convincingly in genetic disorders,
such as Vohwinkel’s disease (loricrin keratoderma) and
transglutaminase 1-deficient lamellar ichthyosis, in which
a defective cornified envelope leads to abnormal perme-



94  Demerjian et al
AJP January 2008, Vol. 172, No. 1

TS + Vehicle

Baseline

500+ C

p=0.001 p<o0.01

600
400 500

300+ 400 -

300
200
200

TUNEL + cells
% from baseline
TUNEL + cells
% from baseline

100 100

Baseline TS TS+t-AMCHA Baseline

=)
m

500- 5.

p=0.01

TS + -AMCHA

Figure 9. Serine protease inhibition with t-
AMCHA, SC acidification, or absence of PAR2
prevent increase in TUNEL+ cells after barrier
disruption. Topical application of the plasmino-
gen activator inhibitor, t~AMCHA immediately
after tape stripping inhibited the increase in the
number of TUNEL+ cells (white arrows) (A3)
that is seen after TS (A2), when compared to
baseline (bb) (1 unit length = 5 wm). Quantita-
tive data are shown in B (results are expressed
as the ratio of TUNEL+ cells per epidermal
length compared to baseline, baseline = 0.21 *
0.06 cells per unit length) (1 = 5). In parallel,
aprotinin showed a partial, although not statis-
tically significant, blockade of TUNEL increase
whereas PMSF (not shown) did not significantly
inhibit the increase in TUNEL+ cell number
observed 3 hours after TS (C, baseline = 0.14 *+
0.05 cells per unit length) (12 = 4). Topical ap-
plication of the polyhydroxylacid LBA, immedi-
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ability barrier function attributable to alterations in lamel-
lar membrane organization.***® Therefore, we asked
here whether permeability barrier function not only dic-
tates the generation of the extracellular lipids but also the
formation of corneocytes. Finally, it should be noted that
tight junction proteins also are important for the formation
of a competent permeability barrier,*® but how they im-
pact permeability barrier function remains unclear.

In the present study, we used two independent tech-
niques to identify cells that are metamorphosing from
outer stratum granulosum cells into corneocytes; ie, by
electron microscopy, which identifies new (transitional)
corneocytes by the presence of a cornified envelope
encasing remnant organelles, and the TUNEL assay, a
standard method for the detection of specific nuclear
alterations in apoptotic cells. After acute permeability
barrier disruption, a rapid (by 30 minutes) increase in
the number of TUNEL+ cells occurs in the outer gran-
ular cells, persisting for 6 hours after barrier disruption.
Appearance of TUNEL+ cells is paralleled by the ap-
pearance of numerous transitional cells in the outer
stratum granulosum with nascent cornified envelopes
and organelle remnants. Supporting our hypothesis
that these new corneocytes, now clearly identified by
both TUNEL assay and electron microscopy, form spe-
cifically in response to barrier alterations, and not only
as a cell replacement or injury response to tape strip-
ping, we assessed an equally effective, alternate
method that alters permeability barrier function while
leaving the SC layers intact, ie, acetone treatment,
which induced a fully-comparable wave of cornifica-
tion. After either method of barrier disruption, there was

PAR2 ko

WT  PAR2 ko
3h after TS

no evidence of cell death accompanied by evidence of
cellular toxicity or autophagy; specifically, keratino-
cytes did not display evidence of cytotoxicity, nor the
presence of intracellular vacuoles containing cell de-
bris, a classical feature of autophagy.*”*® The link to
barrier function is shown further by the linear, dose-
response relationship between the extent of the in-
crease in TUNEL+ cells and the degree of barrier
disruption, and most specifically, the link to barrier
function is shown by the absence of new cornification
after artificial barrier restoration with occlusion. The
occlusion results also further exclude nonspecific
mechanisms of cell death, such as cell repair in re-
sponse to cytotoxicity or autophagy. The presence of
lipase activity, a lamellar body content marker,®" in
these transitional cells shows further that those lamellar
bodies that have not been secreted before the 30-
minute lag period, become entombed during the sub-
sequent wave of cornification. Thus, permeability bar-
rier requirements regulate both responses required for
its restoration: the replenishment of the extracellular,
lamellar membrane-enriched matrix, and the formation
of new corneocytes. It remains possible, however, that
injury to the epidermis could stimulate new corneocyte
formation, independent of abnormalities in permeabil-
ity barrier function.

The present study also assessed mechanisms whereby
changes in permeability barrier status could signal the
underlying granular layer to transform into corneocytes.
Previous studies by our and other laboratories have dem-
onstrated that disruption of the permeability barrier re-
sults in a decrease in calcium and other ions in the outer



nucleated layers of the epidermis,° modifying the dis-
tinctive calcium gradient of the epidermis®®>* and stim-
ulating lamellar body secretion. Yet, although decreases
in calcium stimulate lamellar body secretion, they simul-
taneously inhibit epidermal differentiation®?; hence, we
suspect that a decrease in calcium in the outer epidermis
would not stimulate terminal differentiation. But the po-
tential role of calcium in signaling of terminal differentia-
tion has not yet been investigated.

Very recently, we identified another homeostatic sig-
naling system between the SC and the underlying epi-
dermis. After acute permeability barrier disruption, the
pH of SC increases from its highly acidic values (=~5.0)
toward a more neutral pH, stimulating a pH-dependent
increase in SP activity'®° that, in turn, activates PAR2,
which localizes to the membranes of outer stratum granu-
losum cells.'® SP binding to PAR2 impairs barrier recov-
ery through down-regulation of lamellar body secretion,
which can be reversed either by inhibiting the increase in
SC pH or by applying topical SP inhibitors, or in PAR2 '~
mice.'®'9 In parallel, we show here that 1) reversal of the
increase in pH by application of a polyhydroxyl acid, 2)
application of certain protease inhibitors, or 3) lack of
PAR2 in PAR2™/~ mice blocks the expected wave of
cornification. The results of the present series of experi-
ments provide an explanation for the seemingly paradox-
ical observations that pH-induced increase in SP activity
simultaneously inhibits lamellar body secretion while
stimulating cornification. The barrier-initiated SP PAR2
signaled acceleration of cornification of outer stratum
granulosum cells is delayed by 30 minutes, a time frame
that allows secretion (escape) of much of the preformed
pool of lamellar bodies before cornification. Thereafter,
residual lamellar bodies become entombed within newly
formed corneocytes. This synchronized response allows
an initial burst of lipid secretion, with only a transient
delay in new cornification, both of which are required for
normal permeability barrier homeostasis.

Our studies also shed light on the intracellular mech-
anisms that are required for the terminal differentiation of
outer granular cells into corneocytes. Classic apoptotic
mechanisms do not appear to be involved, because
Casp-3 and PARP levels were not altered by acute barrier
disruption. In contrast, Casp-14, a Casp unique to kera-
tinizing epithelia,®' appears to be involved and required
for cornification. Casp-14 activation increased in parallel
with the wave of new cornification, and pharmacological
blockade of Casp-14 prevented the expected increase in
TUNEL+ cells in the outer stratum granulosum after
acute disruption. Because Casp14~/~ mice display de-
layed cornification, and barrier disruption fails to stimu-
late cornification, this enzyme is clearly required for ter-
minal differentiation. Moreover, these results are
consistent with the recent demonstration that Casp14~/~
mice display abnormal barrier function.?® Although
Casp-14 is a known member of the Casp family of cys-
teine proteases that is activated within the SC,*¢ and one
of its endogenous substrates has recently been discov-
ered,?® its precise role in the regulation of keratinocyte
terminal differentiation remains unclear. In contrast to
other caspases, its activation does not require typical
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Figure 10. Involvement of PAR2 and Casp-14 in corneocyte formation.
Decreases in calcium in the outer stratum granulosum after barrier disruption
stimulate lamellar body secretion, while transiently inhibiting keratinocyte
differentiation. The SP/PAR2, pH-dependent pathway signals terminal differ-
entiation and inhibits lamellar body secretion. Moreover, an increase in
Casp-14 activity is essential for accelerated cornification in response to
barrier disruption and for the formation of normal corneocytes.

apoptotic stressors or stimuli.>” The observation here that
corneocytes in Casp14~'~ mice display strikingly atten-
uated cornified envelopes is consistent with immunoelec-
tron microscopy studies that have shown localization of
this enzyme in the vicinity of cornified envelopes,®® suggest-
ing together that Casp-14 regulates cornified envelope for-
mation. Yet, although Casp-14 activation is both important
for normal cornification and required for the transition of
outer stratum granulosum cells into corneocytes after acute
barrier perturbations, these studies did not define the phys-
iological substrate(s) for Casp-14 nor did they exclude a
role for other mechanisms, eg, stimulation of TNF and TRAIL
activation,®®~¢" in the regulation of cornification.

In summary, the present study demonstrates that
changes in permeability requirements specifically regu-
late the transformation of outer stratum granulosum into
corneocytes. At least two signaling pathways emanate
from the SC that signal the viable epidermis. Decreases
in calcium in the outer stratum granulosum stimulate la-
mellar body secretion, while transiently inhibiting terminal
differentiation, whereas the SP/PAR2, pH-dependent
pathway signals terminal differentiation and inhibits la-
mellar body secretion (Figure 10). We propose that the
interplay of these two signaling pathways, which display
opposing effects, allows for the sequential orchestration
of two parallel processes that provide for barrier function
and allows more precise responses to injury or perturba-
tions than could a single signaling mechanism. Moreover,
these studies show that an increase in Casp-14 activity is
essential both for accelerated cornification in response to
barrier disruption and for the formation of normal corneo-
cytes (Figure 10).
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